Background: Transcranial ultrasound irradiation can enhance the effect of a thrombolytic-agent tissue plasminogen activator (tPA), depending on the intensity. Because of the ultrasound's interference, its intensity distribution near a transducer is not uniform, i.e., there are low-intensity cold spots and high-intensity hot spots. Furthermore, the distribution can be more inhomogeneous when the ultrasound passes through a human skull. At the cold spots, the enhancement of the tPA effect is less than in other areas, whereas at the hot spots, the risk of hemorrhages is higher. Therefore, the reduction of the difference in the intensity between the cold and hot spots, i.e., improving the uniformity of the ultrasound field, is important for effective and safer ultrasound irradiation. The purpose of this study is to show that the uniformity of the ultrasound field can be improved by random modulation of the activating signal used for the ultrasound emission.
Introduction
It has recently been clinically demonstrated that transcranial ultrasound irradiation can enhance thrombolysis with the aid of a tissue plasminogen activator (tPA) [1] . The feasibility of transcranial sonothrombolysis has been studied for decades [2] [3] [4] , such as in high-intensity focused ultrasound (HIFU) navigated by MRI [5, 6] and in sonothrombolysis with a defocued ultrasound beam [7, 8] . However, the safety of transcranial ultrasound irradiation has not been definitively proven. In particular, the TRUMBI trial [9] reported many cerebral hemorrhages despite using ultrasound at an intensity that seemed to be safe. One of the explanations for the hemorrhages is that the acoustic pressure was unexpectedly too high because of the generation of standing waves [10, 11] , which were caused by multi-reflection of the ultrasound at the inner skull surface. It has been shown that the standing-wave problem can be solved by modulating the activating signal to the transducer [12] [13] [14] .
In this work, we investigate the other problem that arises in the case of sonothrombolysis with a defocused ultrasound beam. Because of the interference properties of the ultrasound, its intensity distribution is not uniform near the transducer; there are lower-intensity (cold) spots and higher-intensity (hot) spots. At the cold spots, the tPA enhancement is less than that expected in other areas [15] , whereas at the hot spots, the risk of cell damage, heating, and hemorrhages is higher [16] . To obtain an ultrasound field distribution that is suitable for thrombolysis, the distribution should be free of cold or hot spots. Therefore, reducing the difference in the intensity between the cold and hot spots or improving the uniformity of the ultrasound intensity distribution is important to increase the efficacy and safety of ultrasound irradiation.
The purpose of this study is to experimentally verify that random modulations of ultrasound can reduce the cold and hot spots or improve the uniformity of the ultrasound passing through a temporal bone. In our previous work [14] , we showed that standing wave can be reduced by the random modulation method, which was based on the inversion of a sinusoidal wave phase at random time intervals. The method was termed random switching of both inverse carriers (RSBIC). In this paper, we investigated an effect of RSBIC method on ultrasound uniformity. Activating a transducer with a nominal peak of around 500 kHz using the RSBIC method, we measured the acoustic intensity distribution on the plane perpendicular to the direction of beam propagation using a hydrophone. To compare the uniformity between the sinusoidal case and the RSBIC case in a quantitative way, we introduce the uniformity index and denote it UI.
Methods

Random modulation method
We investigated a random modulation method called RS-BIC, which was devised for reducing standing waves [14] . Here, we describe the method.
The RSBIC signal S as a function of time t is described by the equation S(t)=A sin[2πf 0 t+φ(t)], where A is the amplitude, f 0 is the carrier frequency (500 kHz in this study), and φ(t) is the phase angle depending on t. The value of φ(t) is set at either 0 or π. For the case in which φ=0, the signal S(t) belongs to the normal carrier; for the case in which φ=π, the signal belongs to the inverse carrier. The RSBIC signal is realized by switching between these two carriers at random time intervals. An example of the RSBIC signal waveform is shown in Figure 1 . The random timing of switching is characteristic of the RS-BIC. In our experiment, we constructed a special circuit in which the timing was electrically determined by the zero-cross timing of the thermal noise. The noise was generated by a Zener diode and was filtered by low-pass and high-pass filters. The lower and upper cut-off frequencies of the noise are the parameters of the RSBIC method. We set the lower cut-off frequency at 50 kHz and the upper cut-off frequency at 200 kHz as representative values. (If the noise has a component much higher than 500 kHz, one cycle of the sinusoidal wave at 500 kHz will be cut many times.)
Measurement of the ultrasound field
The transducer we used has a nominal frequency of 500 kHz and a 6-dB bandwidth from 357 kHz to 665 kHz. This wide bandwidth is suitable for random modulation because many waves of different lengths can be superimposed. The plane-view shape of the transducer is a disk whose diameter is 24 mm. The wavelength is about 3 mm in water at a frequency of 500 kHz. We defined the boundary between the near field and the far field as the position of the farthest local maximal value of the ultrasound field from the surface of the transducer. The position is about 47 mm, calculated by D 2 /4λ-λ/4, where D is the diameter of the transducer and λ is the wavelength. Figure 2 shows a diagram of the experimental setup. The transducer was activated by a sinusoidal wave or RSBIC signal. The sinusoidal wave was generated by a signal generator (AFG3102; Tektronix, OR, USA) and increased by an amplifier (HSA4101; NF Corporation, Japan). In the case of RSBIC activation, an additional custom-made circuit was used for the conversion of the sinusoidal wave to a RSBIC signal. The applied signal was monitored with Oscilloscope1 (TDS3012; Tektronix, OR, USA).
A human skull fragment was placed about 5 mm from the transducer surface. The fragment was cut from the temporal bone part of a human skull. The size was about 3.5 cm × 8 cm. The thickness depends on the position, ranging from 0.6 mm to 2.3 mm.
The measurement of the ultrasound passing through the bone was performed by an acoustic intensity measurement system (AIMS) (Onda Corporation, CA, USA) with 
Definition of the uniformity index
To quantify the uniformity of the ultrasound intensity distribution, we propose a mathematical definition for UI. Here, we discuss the two-dimensional case. The one-dimensional case is discussed in the Appendix.
Let f(x,y) be the acoustic intensity (or pressure amplitude) of an ultrasound field on a two-dimensional (x, y) plane. The two-dimensional uniformity index (UI) is defined by the following formula:
It has the dimension of [Length -1 ]. If the ultrasound intensity has many peaks and troughs, the value of f(x, y) will vary considerably depending on the position (x, y). In that case, the index becomes large because the contribution of the derivative terms in the numerator is larger than the integral term in the denominator. Conversely, the ultrasound is considered to be more homogeneous if the index decreases.
Equation (1) has the following properties: (i) intensity independence and (ii) rotational invariance. Intensity independence means that the index is invariant under the transformation f(x, y) → α f(x, y), where α is a constant value. Hence, the index can be determined irrespective of the transducer's voltage. Rotational invariance means that the index is unchanged under the following transformation:
where θ is an angle of rotation. Therefore, the index is independent of the direction of the x-coordinate.
Results
The two-dimensional intensity distribution of an ultrasound propagating freely in water is shown in Figure 3 . The diagrams to the left, (a) -(e), are the result of sinusoidal activation, and the diagrams to the right, (f) -(j), are from RSBIC activation. The uppermost diagrams, (a) and (f), show the intensity 5 mm from the transducer surface, while diagrams (b) and (g) show the intensity at 7 mm; (c) and (h) are at 20 mm; (d) and (i) are at 45 mm; and (e) and (j) show the intensity 80 mm from the surface. The activating voltage was 20 Vpp for each case. Because the shape of the transducer is disc-like, the intensity distribution has circular symmetry.
For the sinusoidal activation, the ring-shaped low-intensity and high-intensity regions are alternately distributed near the transducer [(a) and (b)]. In diagram (c), a cold spot can be seen at the origin. In diagram (d), the ultrasound is focused at the origin. As the distance from the transducer increases in the far-field region, the intensity becomes lower and the distribution becomes broader (e).
By comparing the RSBIC cases and the sinusoidal cases at the same distance, we can see that the intensity distributions of RSBIC cases in the near-field region [(f), (g), and (h)] are more homogeneous than that of the sinusoidal cases [(a), (b) and (c)]. In particular, the cold spot at the origin in diagram (c) disappears in diagram (h). As the distance increases [(d), (e), (i), and (j)], the distinctive differences in the distribution between the sinusoidal cases and RSBIC cases disappear.
The calculated UI are also shown for each diagram in Figure 3 . When we compared the two methods at the same distance, the UI is smaller for the RSBIC than for the sinusoidal case in the near-field region, as expected, meaning the UI is suitable for quantifying the uniformity and is useful for practical applications. In Figure 4 , the two-dimensional distribution of an ultrasound passing through a temporal bone fragment is non-uniform thickness, inhomogeneous texture, and curvature of the temporal bone fragment.
We can see that, in the case of bone transmission, the RSBIC method can improve the uniformity in the nearfield region [(a), (b), (e) and (f)]. Particularly, the cold spot around (X = -2 mm, Y = +2 mm) in the sinusoidal case (a) disappeared in the RSBIC case (e).
The calculated UIs are also shown for each diagram in Figure 4 . When we compared the two methods at the same distance, the UI are smaller for the RSBIC case than they are for the sinusoidal case. The difference is lager for the near-field region.
In diagram (d), the center of the ultrasound distribution is not at the origin, but instead is centered at (X = -5 mm, Y = -2 mm). This means that refraction has happened; the ultrasound beam direction was changed by transmission through the bone. This refraction also occurred for the RSBIC case (h).
Discussion
We investigated the uniformity of an ultrasound passing through a human skull fragment in water. Compared to the free-propagating case, ultrasound passing through a bone was more inhomogeneous in the near-field region. It was shown that the RSBIC method can reduce the cold and hot spots, improving the uniformity of the ultrasound intensity distribution in the case of bone transmission as well as free propagation.
We discuss herein the reason for the improvement of the uniformity with the RSBIC signal. In our free-propagation case, every point on the surface of the transducer is considered to be a source. The ultrasound pressure at a given point is determined by the interference of pressure from all sources. If the signs of the pressure from the different sources are the same, interference is constructive and the pressure is enhanced. On the other hand, if the signs of the pressure are not the same, the interference is destructive. Cold spots arise from destructive interference, whereas hot spots arise from constructive interference. The location of the hot and cold spots changes with the frequency of the activating signal for the transducer because the interference, whether constructive or not, depends on the frequency of the activating signal. Because the RSBIC has a wide bandwidth (Figure 4h [14] ), cold and hot spots corresponding to each component of the frequency arise at different locations; therefore, a cold spot of a frequency f 1 can be a hot spot of a different frequency component f 2 . Hence, the cold and hot spots are obscured by the superposition of the waves of different frequencies in the RSBIC case. Furthermore, a randomized reversal of the phase, which is characteristic of the RSBIC, can change the constructive interference of pressure to a destructive one and vice versa. Thus, at a given point, whether the interference is constructive or deconstructive will change with time. Hence, when the
shown. The diagrams to the left, (a) -(d), are sinusoidal cases, and the diagrams to the right, (e) -(h), are RSBIC cases. The uppermost diagrams, (a) and (e), show the intensity 20 mm from the transducer surface, while diagrams (b) and (f) show the intensity at 25 mm; (c) and (g) are at 45 mm; and (d) and (h) show the intensity 80 mm from the surface. The applied voltage was 50 Vpp for each case; hence, the ultrasound emitted by the transducer was 6.25 times as intense as the free-propagating cases.
Compared with the free-propagating cases (Figure 3 ), the intensity distribution does not have circular symmetry and is more inhomogeneous, most likely because of the time-averaged intensity is measured, the cold and hot spots will be reduced.
In the case of bone transmission, the transmissivity differs according to the location on the bone because of differences in thickness and texture. Therefore, the uniformity of the ultrasound passing through the bone is more inhomogeneous than in the free-propagation case. In this case, the RSBIC signal can improve the uniformity, as in the free-propagation case.
For the purpose of quantitative evaluation of uniformity, we gave a two-dimensional definition of the uniformity index using equation (1) . This definition is not unique, and there are other possible definitions. For example, we can obtain a dimensionless uniformity index using the product of eq. (1) The definition of uniformity index is not limited to two dimensions. A one-dimensional uniformity index is described in the Appendix. The extension to three dimensions may also be possible.
It is possible that a more suitable definition can be found using a completely different perspective.
In this study, results for a disc-shaped transducer were shown. For a square-shaped transducer, we can see that cold and hot spots will be arranged in a matrix in a plane near the transducer.
The size of the transducer was 24 mm in diameter in this study. For a larger transducer, the near-field region will be broader. Thus, the random modulation method will be effective for a broader range.
This experiment was performed in water, in which the attenuation of the ultrasound is negligible. However, the brain absorbs the ultrasound; the ultrasound attenuates along the pass. In the absorbent medium, the intensity at the far field is lower than it is in a non-absorbing medium. Hence, in the absorbent medium, the ratio of the intensity of the near field to that of the far field is higher than in a non-absorbent medium. Thus, the effect of the random modulation method will be higher for an absorbent medium.
Random modulation methods were first used to reduce standing waves in a human skull and have been shown to reduce standing waves [12] [13] [14] . Because random modulation methods can concurrently resolve both the standing-wave problem and the cold-hot-spots problem, they are attractive for the therapeutic use of ultrasound, such as in transcranial sonothrombolysis. We are planning to investigate an acceleration of thrombolysis using randomly modulated ultrasound. Our goal is to develop safer and more effective therapeutic equipment based on randomly modulated ultrasound emission.
Appendix One-dimensional uniformity index
We define a uniformity index in the one-dimensional case using the following formula:
where f(x) is the intensity (or pressure amplitude) of the ultrasound field on the one-dimensional spatial axis x. As in the case with two dimensions, the index has the dimension of [Length where Mi (i=1,…,n) are the local maximum values of f(x), and mi (i=1,…,n-1) are the local minimum values of f(x). Because the sign of df/dx is definitive for each interval, we can determine whether |df/dx|=df/dx or |df/dx|= -df/dx for each interval. Performing the integration for each interval, we obtain the expression:
The first term in the parenthesis on the right side is the total sum of the local maximum values, and the second is the total sum of the local minimum values. Thus, the numerator of the index UI1D is determined by the extrema of f(x).
There is another candidate for UI1D. We can define UI1D by dividing equation (3) by Nα, where N is the number of extrema and α (0<α<1) is a parameter. The role of Nα is to suppress the uniformity index due to increments of the number of peaks (or hot spots) and troughs (or cold spots). As shown above, the numerator of the index is determined by the extremum. In particular, it depends on only the intensity at the extremum and not the intervals of the extremum on the axis.) Thus, if the numerator of the peaks and troughs are doubled (i.e., the number of extrema doubles), the numerator of the uniformity index is dou- bled. Similarly, if the differences between the local maximum values and the local minimum values are doubled, the numerator of the uniformity index is doubled. Hence, doubling the number of the peaks and troughs is equivalent to doubling the difference between the local maximum and local minimum values. This might not seem to be a reasonable proposition. However, if we divide equation (3) by Nα, we can distinguish the doubling of the difference between local maxima and local minima from the doubling of the number of extrema.
Abbreviations AIMS: Acoustic intensity measurement system; HIFU: High-intensity focused ultrasound; RSBIC: Random switching of both inverse carriers; tPA: Tissue plasminogen activator; UI: Uniformity index
